A terahertz (THz or T-rays) photomixer consisting of a meander type antenna with integrated nanoelectrodes on a low temperature grown GaAs (LT-GaAs) is demonstrated. The antenna was designed for molecular fingerprinting and sensing applications within a spectral range of 0.3-0.4 THz. A combination of electron beam lithography (EBL) and focused ion beam (FIB) milling was used to fabricate the T-ray emitter. Antenna and nanoelectrodes were fabricated by standard EBL and lift-off steps. Then a 40-nm-wide gap in an active photomixer area separating the nanoelectrodes was milled by a FIB. The integrated nano-contacts with nano-gaps enhance the illuminated light and THz electric fields as well as contribute to a better collection of photo-generated electrons. T-ray emission power from the fabricated photomixer chips were few hundreds of nanowatts at around 0.15 THz and tens of nanowatts in the 0.3-0.4 THz range.
INTRODUCTION
Terahertz technology shows considerable potential in many applications, including medical imaging, security screening, real time production testing, wireless communications, and many others. [1] [2] [3] [4] [5] [6] [7] However, a lack of compact and powerful emitters of T-rays has limited widespread utilization of this technology. A lot of effort to create compact and efficient THz sources have been expended during the last decades and different generation techniques based on free electron acceleration, 8 laser effects (quantum cascade lasers (QCL's), 9 germanium lasers 10 ), optical rectification, 11 and photoconductive effects (photoconductive switch, 12 photomixers 13 ) have been proposed. Each approach has its own advantages and drawbacks. For example, free electron lasers offer high power emission but they need a high vacuum for operation and the whole system is very bulky. QCL's are very compact in their dimensions and produce THz radiation in the mW range 14 but they need cryogenic cooling for operation.
Photomixing devices can operate at room temperature, are easily tunable and compact, all this is of benefit to most practical applications. Theoretically, extremely high optical-to-THz conversion efficiencies may be obtained in photoconductive mixers, as the emitted energy comes from the accelerating bias electric field; thus one electron-hole pair created by pump laser can generate many T-ray photons. 15 However, the achievable conversion efficiency is still well below theoretical values due to antenna impedance mismatch and poor photogenerated carrier collection. Despite of a lower power, photoconductive antenna emitters are common sources of pulsed and continuous wave THz radiation. To improve the conversion efficiency and boost the photomixer emitted T-ray power, different nanostructures such as nanoelectrodes 16 and nanogratings, [16] [17] [18] [19] as well as new antenna designs, 20 have been introduced. Integrated nanostructures employ plasmonic effects to increase pump laser intensity near nanostructures, generating more carriers in these regions and, also, enhancing the electric field of the generated THz wave. Moreover, nanostructures cover most of the active area providing a better collection of photo-generated carriers and feeding of antenna current.
Here, we demonstrate fabrication of photomixers with integrated nanoelectrodes operating at the mixing wavelengths longer than 800 nm using combined nano-lithographical approaches on LT-GaAs substrates. Meander THz antennas, designed for emission in a 0.3-0.4 THz range, and sub-100 nm gold nanoelectrodes were patterned using electron beam lithography (EBL) and standard lift-off procedures. Then, a 40-nm-wide plasmonic gap was opened by direct focused ion beam (FIB) milling of the fabricated contacts. We show the current fabrication limits of the nanoelectrodes. THz emission of the fabricated photomixers is demonstrated.
EXPERIMENTAL: FABRICATION AND CHARACTERIZATION

Photo-mixer fabrication
Molecular beam epitaxially grown LT-GaAs was chosen as the photoconductive substrate. It is a common material for THz emitters due to its high dark resistivity, sub-picosecond carrier lifetime and high carrier mobility. Photomixer structures with 100 nm wide nanoelectrodes were fabricated using EBL (Raith 150 T W O ) and nanogroove was milled by applying FIB lithography system (Raith, IonLiNE). Scanning electron microscopy (SEM) and FIB sectioning (FEI Helios dual beam) of the nano-contact areas were utilised for morphology inspection.
Characterization of THz emission
A simplified THz emission characterization scheme is shown in Fig. 1 . Two continuous-wave tunable DFB (Toptica) semiconductor lasers operating at central wavelengths of around 850 nm served as sources for mixing wavelengths. The mixing beams were combined in a fiber and fed into a semiconductor amplifier (Toptica BoosTA). The amplified beam was directed onto the active photomixer area via a fiber coupled to a collimating lens. The position of the beam was optimized using a 3-axis stage and maximizing the output signal. An oscilating bias voltage of 183 Hz with amplitude changing from 0 V to U 0 was applied to the photomixer. A calibrated liquid He-cooled bolometer was used as a detector of the emitted T-rays. The bolometer signal was detected using a lock-in amplifier synchronised for for the same frequency as oscilating voltage (183 Hz). The THz emission spectra was recorded by changing the beat frequency between mixing wavelengths. The emission frequency of one laser was fixed at 852 nm while the frequency of the second laser was tuned by precisely changing its operating temperature. The power was estimated by using a bolometer responsivity of 10
5 V/W and should only be regarded as approximate. 
RESULTS
First, the fabrication of the photomixers with nano-gap electrodes and its structural composition are described and, then, their performance as THz emitters as well as current-voltage characteristics are discussed.
Photo-mixers with nano-gaps
The fabricated structure composed of the bias voltage contact pads and antenna with nanoelectrodes is shown in Fig. 2(a) . Two fabrication approaches were tested to define the emitter regions of the structures.
The first one was to use a two-step method for fabrication of nanostructures and antenna ( Fig. 2(b) ). This approach employs two steps of the EBL fabrication procedures. First, nanoelectrodes were patterned in a positive polymethyl methacrylate (PMMA) resist and the created openings in the PMMA mask then was sputtered with 5 nm Ti adhesion layer and 25 nm Au for nanoelectrodes. The standard lift-off procedure in acetone was used to remove the PMMA mask. The following step was to coat PMMA resist again, precisely align antenna pattern on top of the nanostructures made earlier and to repeat the patterning by EBL and lift-off.
The second approach used a single EBL step. The nanoelectrodes and antenna masks were fabricated in one run on the same PMMA layer and then 10 nm Ti and 150 nm Au layers were deposited following the lift-off. Even though the patterned designs were the same for both methods, the actual structures varied. As shown in Fig. 3 , the structure fabricated in two steps (marked as photomixer #1) had well-defined nanostructures (as designed), while nanoelectrodes made in one EBL step (marked as photomixer #2) had a strong tapering. This is a known proximity effect in EBL patterning and can be corrected using process simulation software. Since proximity correction requires a sophisticated exposure control we were not using it in our fabrication routine.
The bias voltage is required for acceleration of the photo-generated carriers and to drive them to the antenna. To have an electric field in the active region there is a need to isolate the two antenna sides from each other. For this reason focused Ga-ion beam milling was used. It allows the cutting of a nanometer sized gap in the nanoelectrodes and to electrically isolate the two antenna sides. The gap can be also formed during the EBL process but it is more difficult to reach separation widths of several nanometers between wider electrodes and, at the same time, to have a good edge quality for the plasmonic enhancement. The milled 40 nm wide groove is shown in Fig. 2(c,d) . Ion beam milling is a separate additional step in photomixer fabrication, and the cut should be aligned exactly at the middle of nanoelectrodes. For this reason, additional alignment marks (crosses in Fig.2(b) ) were fabricated during the EBL process. These crosses serve as reference points for precise cutting with a FIB. Since the FIB is a direct write method, it is a simplified fabrication step as compared with an EBL definition of nano-gaps.
LT-GaAs chips with the fabricated photomixers were mounted on printed circuit boards (PCB, Fig. 4 ) for the characterization of THz emission. A hyper-hemispherical high resistance Si lens (Tydex) was aligned, centered and glued on the backside of the chip for collimation of the emitted T-rays. Electrical contacts connecting the PCB board and the photomixer were made by application of conductive silver paint.
Cross sectioning of the fabricated photomixer was used to inspect the structural composition of photo-mixer (Fig. 5) . According to the standard procedure, a protective Pt layer was deposited on a cross section region to maintain the boundaries of overlapped structures unaltered by milling. As shown in Fig. 5, 25 nm thick nanocontact tips fabricated during the first EBL step were buried under a 150 nm Au antenna layer forming an electrical contact for the photo-generated carriers.
T-ray emission from photo-mixers
First, current-voltage characteristics of the active photomixer area were measured (Fig. 6 ). As dark resistivity of the LT-GaAs substrate is high, the dark current (no photo-excitation) in the active region is by a few orders of magnitude lower than the photo-current. The gap between nanoelectrodes is tens-of-nanometers and this facilitates to reach high electric field values in the gap even at low bias voltages (∼ 250 kV/cm at 1 V bias). A super-linear dependance of the current-voltage (I-V) curves was obtained (Fig. 6 ). It can be explained by an increase of the carrier lifetime and Coulomb-barrier reduction at high electric fields near the collection electrodes.
21 Also, a recombination-limited transport of photo-excited carriers is another possibility. 22 Further studies are required for a distinct clarification of the mechanism and its current dependence.
Next, T-ray emission spectra and power dependences on the laser excitation power was measured ( Fig. 7(a) ). In ideal case, the antenna emitted power can be found using Ohm's law. From Ohm's law for time-varying currents, the average power is:
here, R A is the antenna resistance and I avg is current flowing in antenna average. The beat frequency modulated current can be written as periodic function of transient current (I T Hz ) due to photo-generated carriers:
I T Hz depends on pump laser power as:
where hν is the bandgap energy of photo-conductor (LT-GaAs in this case), P p is the cumulative pump power of the mixing beams, and e is the electron charge. The antenna emitted terahertz power dependance on laser pump power is obtained by taking temporal average of Eq.2 and inserting it in Eq.1:
Proc. of SPIE Vol. 8923 892322-5 This quadratic scaling of the emitted power on the power of the pump laser P T Hz ∼ P 2 p is plotted as an eye guide in Fig. 7(b) . As expected, the radiated T-ray power increases quadratically with respect to the power of the mixing beams from 20 to 55 mW. The nanoelectrodes were damaged after the pump power was larger than 55 mW. The strongest THz emission of the photomixers was observed in the spectral range of 0.1 -0.2 THz. The emission spectra for photomixers #1 and #2 are slightly different as shown in Fig. 8(a) . Even though they both show emission peaks at around 0.1 and 0.15 THz, the first chip also showed emission in the 0.3 -0.4 THz range (Fig.8b inset) , the range this photomixer was designed for. The second device did not have a detectable signal in that range. This could be due to a better impedance matching and antenna quality of the first photomixer, as it was fabricated in two EBL steps and the electrodes had no tapering.
DISCUSSION
The Terahertz field is under active development and attracts a lot of research efforts due to its unique applications in sensing. The bottle neck of T-ray technology is in emitters where better materials have to be developed together with improved antenna designs and fabrication methods. The photomixers reported here require further Applied asmonics improvements in the power output and repeatability of fabrication. Impedance matching is one of the major challenges to overcome for enhancing the T-ray emission.
The use of nanoelectrodes and nanogratings in antenna designs assist in exploiting the plasmonic effect of light field enhancement of the mixed wavelength illumination in the subsurface and near-electrode regions as well as an enhancement of the generated terahertz electric fields. Nanostructures trenched into the substrate could be a further step in fabrication improvement of a next generation of photomixers. The nano-gaps and light field enhancing nano-features (creation of nano-sharp corners between nanoparticles) can be made by EBL and lift-off [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] procedures. However, FIB milling of arbitrary shaped electrodes and substrate modifications at the closest proximity of the electrodes using a FIB is very appealing for future antenna designs. 26, [34] [35] [36] Recently, we have demonstrated that charging effects during FIB can be compensated using UV exposure of the fabrication region during groove formation. 37 This further improves nano-structuring down to a 15-20 nm resolution which is expected to contribute to stronger light field enhancement especially at the wavelengths used for photo-mixing.
CONCLUSIONS
Fabrication of T-ray photomixer chips by combining EBL and FIB is demonstrated. Sub-50 nm nanoelectrode gaps were reliably fabricated on the nano-electrode arrays for the first time. The mixer was operational at the mixing wavelengths around 850 nm which were exciting photo-carriers and emitted power was estimated to be in order of hundreds of nanowatts at 0.15 THz and around one order lower in the 0.3-0.4 THz range.
Direct FIB writing of electrodes with nano-gaps, inscribing of fractal patterns for the enhancement of illuminating light beams at near-IR and IR wavelengths as well as the THz emitted fields can provide further optimization and enhancement of photomixers. Miniaturization of photomixers at a 0.3-0.7 THz wavelengths is promising in security, 38 forensic, and medical 39, 40 applications.
